Canonical WNT signalling plays a critical role in the regulation of ovarian development; misregulation of this key pathway in the adult ovary is associated with subfertility and tumourigenesis. The roles of Adenomatous polyposis coli 2 (APC2), a little-studied WNT signalling pathway regulator, in ovarian homeostasis, fertility and tumourigenesis have not previously been explored. Here, we demonstrate for the first time using constitutive APC2-knockout (Apc2 -/-) mice, essential roles of APC2 in regulating ovarian WNT signalling and ovarian homeostasis. APC2-deficiency resulted in activation of ovarian WNT signalling and sub-fertility driven by intra-ovarian defects. Follicular growth was perturbed, resulting in a reduced rate of ovulation and corpora lutea formation, which could not be rescued by administration of gonadotrophins. Defects in steroidogenesis and follicular vascularity contributed to the subfertility phenotype. Tumour incidence was assessed in aged APC2-deficient mice, which also carried a hypomorphic Apc allele. APC2-deficiency in these mice resulted in predisposition to granulosa cell tumour (GCT) formation, accompanied by acute tumour-associated WNT-signalling activation and a histologic pattern and molecular signature seen in human adult GCTs. Hence, APC2 has an important tumour-suppressor activity within ovarian granulosa cells, most likely due to its role in regulating WNT-signalling.
Introduction
The canonical WNT signalling pathway is central to numerous biological processes and diseases (1) . Within the ovary, it has been shown to be essential for female sex differentiation during embryogenesis (2) (3) (4) (5) (6) (7) (8) (9) , however, in the adult ovary its role is less well defined. Conditional deletion of β -catenin within murine granulosa cells of antral follicles did not affect folliculogenesis or ovulation (10, 11) , but its removal within oviducts and uteri led to abnormalities therein, with lack of implantation sites rendering mice infertile as a result (11) . Conditional deletion of Wnt4 in ovarian granulosa cells or germline deletion of Fzd4 in mice caused sub-fertility or complete infertility respectively (12, 13) , but WNT signalling activity was not measured and it is unclear whether the reported phenotypes were caused by impaired ovarian canonical WNT signalling or by other mechanisms, potentially including non-canonical pathways. In mice with germline deletion of the WNT signalling agonist Fzd1, where 17.6% of female mice were infertile and characterized by early follicle depletion, but with no concomitant change in total activated β -catenin levels (14) . Over-activation of canonical WNT signalling also has deleterious effects on ovarian homeostasis. Ovarian amplification of Rspo1 (15) , deletion of Wnt5a (antagonist of canonical WNT signalling) (16) or expression of dominant stable β -catenin (10, 17) all resulted in up-regulated ovarian WNT signalling and ovarian subfertility caused by disruption of follicle growth (16, 17) , ovulation and luteinisation (10, 15) . Taken together, these findings indicate the importance of tight regulation of canonical WNT signalling in growing follicles.
Human ovarian tumours are classified into epithelial ovarian cancers (90%), sex cordstromal tumours (7%) and germ cell tumours (3%). Granulosa cell tumours (GCTs), which originate from granulosa cells of ovarian follicles, account for more than half of sex cordstromal tumours (18) . WNT signalling mis-regulation has been implicated in adult GCT formation, as several studies have demonstrated increased β -catenin protein levels therein, with nuclear localisation in some cases (17, 19, 20) . A recent molecular study of GCTs 4 showed epigenetic silencing of DKK3, the gene coding for the WNT-signalling antagonist Dickkopf, implying a need for WNT signalling activation in GCT development (25, 26).
Furthermore, GEMMs in which WNT signalling was activated via the introduction of a gain of function mutation of R-spondin1 (15) , or a degradation-resistant β -catenin (17) , resulted in 15.8% or 57% of mice developing adult GCTs respectively.
Here, for the first time, we address the importance of APC2 in ovarian folliculogenesis, fertility and GCT formation. The ability of APC2 to regulate the targeting it for degradation and suppressing its transcriptional activity (26, 27) , in addition to the APC-basic domain which enables it to regulate cytoskeleton and microtubule association (28-32) and spindle anchoring during mitosis (33) . Importantly, however, in an in-vivo setting, APC2-dependent regulation of WNT signalling is tissue-specific, occurring in the liver and intestine but not in the mammary gland (34, 35) . Little is known about how APC2 functions in adult ovaries, but APC2 loss has been reported in epithelial ovarian cancer (29, 36) . Here, we show that Apc2-knockout mice (37) have a subfertility phenotype associated with an activation of ovarian WNT signalling, and that, on a hypomorphic Apc background (38, 39), loss of APC2 increases the incidence of ovarian GCTs which recapitulate the histologic pattern and molecular signature of human adult GCTs. Not only does this study extend our understanding of the tissue-specific regulation of WNT signalling, but also the APC2-deficient mouse has excellent potential as a pre-clinical model to study ovarian tumour biology and for therapeutic testing.
Results

APC2 deficiency results in sub-fertility
To evaluate the role of APC2 in the biology of the adult ovary, the impact of APC2 deficiency on normal ovarian homeostasis and fertility was first assessed. A retrospective analysis of mating efficiencies of wild type, heterozygous or homozygous breeding trios (Apc2 +/+ , Apc2
or Apc2 -/-respectively) demonstrated that time between pairing mice and first litter production was significantly longer in Apc2 -/-mice ( Figure 1a ). The number of gestations over the 3-month period following pairing was significantly reduced in Apc2 -/-mice, with heterozygous mice also showing a reduction which did not reach significance (Figure 1b) .
Overall, there was a 40% reduction in the cumulative number of pups weaned over 3 months from Apc2 +/-trios, compared to Apc2 +/+ , and this reduction was even more pronounced in
Apc2
-/-mice ( Figure 1c) . Indeed, one Apc2 -/-trio was completely infertile over this period.
Histological analysis of ovaries, oviducts and uteri from 10-week-old virgin Apc2 +/+ and Apc2 -/-mice revealed no gross morphological differences in the oviducts and uteri (representative images in Supplemental Figure 1 ). No problems were reported during labour in any of the experimental groups; it is therefore unlikely that uterine problems contribute to the observed subfertility phenotype. However, there was a significant decrease in the number of corpora lutea formed in Apc2 -/-ovaries ( Figure 1d , e & f), while the total number of growing follicles was increased, but not significantly ( Figure 2d , e & g). Morphometric and histochemical analysis of corpora lutea did not reveal any histological differences in these structures between Apc2 +/+ and Apc2 -/-ovaries (Supplemental Figure 2) . Collectively, these findings suggest reduced ovulation is the cause of the subfertility observed in APC2-deficient mice.
Subfertility in APC2-deficient female mice is caused by intra-ovarian defects
Given the constitutive nature of the Apc2 gene deletion in our mice, the genotype dose- and Apc2 -/-mice. Significant over-expression of Lhcgr was evident in Apc2 -/-ovaries ( Figure   2h ), but the other receptors were unaltered. Importantly, the LH receptor is a target of canonical WNT signalling (40), and its over-expression has previously been associated with infertility in mice (41). 7 Detailed morphometric analysis, on serial-sectioned ovaries collected at diestrus stage from 
APC2-deficient ovaries show impaired vascularisation and steroidogenesis
Interaction between β -catenin and FOXO1 has been previously described to affect tight junctions in endothelial cells disrupting angiogenesis (49) . Follicular growth impairment has been shown to occur following angiogenesis disruption, because the vascular network surrounding the growing follicles is essential for follicular development (50 
Discussion
This study has revealed, for the first time, that APC2-deficiency activates WNT signalling in the ovary during early adulthood, which subsequently disrupts ovarian homeostasis and causes subfertility originating from an ovarian defect. Follicle growth was perturbed in APC2-deficient mice secondary to defective response to gonadotrophins, reduced follicular vascularity, downregulation of genes coding for steroidogenic enzymes and upregulation of setting, APC2 function is tissue specific. APC2 loss in the mouse small intestine and liver resulted in activation of WNT signalling but not in the mammary glands (34, 35) . Hence, the functions of APC2 cannot be extrapolated from one mammalian system to another without direct experimentation.
The current findings also extend our knowledge of deleterious effects of WNT signalling activation on ovarian homeostasis and fertility (10, (15) (16) (17) . We have shown that reduced ovulation observed in APC2-deficient mice is not caused by defects in ovulation and terminal differentiation of granulosa cells (which happen when WNT signalling is activated in antral follicles), but rather caused by restricted follicular growth and failure to reach the preovulatory stage. This phenotype is similar to previous phenotypes published when WNT
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signalling was activated in pre-antral follicles (16, 17) , implying that APC2 activity is required in growing follicles as early as the pre-antral stage.
The tumour suppressor role of APC2 protein in ovarian granulosa cell tumour formation has also been highlighted for the first time and the current study provides further evidence of the roles of WNT signalling activation in the pathogenesis of ovarian GCT. These findings build on previous work pointing to this role of WNT signalling in clinical data (17, 19, 20, 63) , and in GEMMs (15, 17) but as noted above, given the tissue-specific effects of APC2 knockout, could not have been predicted a priori.
Given the constitutive nature of the Apc2 null allele, both autonomous and non-autonomous mechanisms are expected to contribute to the phenotypes described. Results of the current study have clearly shown the intra-ovarian origin of the subfertility phenotype described in APC2-deficient mice, and that hypothalamic-pituitary regulation of ovarian function is not contributing to the subfertility phenotype. Although the subfertility is caused by increased apoptosis of granulosa cells, a contribution of endothelial cells to the phenotype was evident.
Whether the same phenotype could be reproduced if APC2-deletion was targeted exclusively to granulosa cells (e.g. using Amhr2 or Cyp19a-cre) remains unknown, due to the unavailability of an Apc2 conditional allele. The same applies to GCTs developing in APC2-deficient mice, which -in contrast -displayed enhanced angiogenesis.
Also, it is unlikely that WNT signalling activation is the sole driver of the reported phenotypes and cross talk between WNT signalling and other signalling pathways must also be considered. For example, unlike in early adulthood, FOXO1 expression was absent in APC2-deficient GCT, implying a need to silence FOXO1 and to stop FOXO1-driven granulosa cell apoptosis as a prerequisite for tumourigenesis. It has been previously shown that knocking out Foxo1/Foxo3 leads to the development of GCT in 20% of female mice (54 In conclusion, this study advances our understanding of the role of WNT signalling in ovarian homeostasis and tumourigenesis, and of the role played by APC2 in regulating this pathway.
The finding that WNT signalling activation in growing follicles impairs ovulation raises the importance of the assessment of WNT signalling activation in the setting of human female subfertility/infertility. This could provide new insights into the molecular pathogenesis of this condition, and may help in designing new treatment interventions for these patients.
Furthermore, our findings extend the list of mutations which cause female subfertility or infertility in early adulthood in mice followed by development of GCT upon aging (15, 17, 41, 54 To assess female fertility, retrospective analysis of breeding performance was analysed from cages in which two 7-11 week-old female mice of the experimental genotypes (Apc2 +/+ ,
Materials and Methods
Animal models, fertility and ovulation rate
Apc2
+/-and Apc2 -/-) were housed with a 7-9 week-old male of the same genotype for 3 months (n=4 cages). Litter sizes were determined at the time of weaning.
To determine ovulation rates, 10 week-old female mice were super-ovulated by a single intraperitoneal injection of 5 IU pregnant mare's serum gonadotropin (MSD animal health, UK), followed by 5 IU human chorionic gonadotrophin (MSD animal health, UK), 47 hours later (64) . Mice were either culled 16-17 (for COC retrieval) (65) or 22-24 hours later (for histological analysis).
COC retrieval and characterization
After release from the oviducts, COCs were counted and examined by bright-field microscopy to assess morphology. Oocytes were freed from surrounding cumulus cells by addition of 40µl of 4mg/ml collagenase/dispase (Roche, Switzerland), dissolved in DMEM/F12 medium (Mediatech, USA), for 10 minutes, and examined to determine their integrity (66) and to measure their diameter (67) .
Histological analysis of ovaries
Follicle counting was performed on ovaries from 10-week-old Apc2 +/+ and Apc2 -/-mice, either from randomly cycling females staged manually (using the vaginal cytology method) and collected at diestrus stage (n=4) or 22-24 hours post HCG administration (n=5). Each ovary was serially-sectioned into 100 5μM sections and each 10 th section was stained with H&E.
Growing follicles were counted every 10 th section, when an oocyte nucleus was visible.
Identification and classification of growing follicles and atretic follicles were performed as previously described (68, 69) . The total number of follicles throughout the 10 counted sections was used. Follicle sizes were measured using a minimum of 4 diameters/follicle.
Hormonal analysis
Serum hormonal levels were measured in 10-week-old Apc2 +/+ and Apc2 -/-mice at diestrus stage using ELISA kits for FSH (Novateinbio, USA) and LH (Enzo Lifesciences, UK).
Immunohistochemistry
Tissue sectioning and immunohistochemistry were performed as previously described (35), using primary antibodies listed in Supplementary Table 2 . Sections were examined with an Olympus BX43 light microscope and microphotographs taken using a 5 Megapixel HD Microscope Camera (Leica MC170 HD, Germany).
Quantitative RT-PCR analysis
RNA was extracted from whole ovaries or tumour pieces using RNeasy Plus mini extraction kit (Qiagen, Germany) and reverse transcription performed using QuantiTect Reverse transcription kit (Qiagen, Germany). All quantitative real time rtPCR assays were carried out three times using TaqMan® universal master mix II with UNG (Applied Biosystems, USA), Taqman® assays (Supplementary table 3) and QuantStudio TM 7 Flex Real Time PCR system (ThermoFisher, USA), and relative expression levels determined using QuantStudio TM 7 Real Time PCR software.
Statistical analysis
Statistical significance for qRT-PCR data was determined from 95% confidence intervals (70) . All other statistical analyses were performed using IBM SPSS version 20 (SPSS Inc, Chicago, IL, USA). Significance testing was performed using 2-tailed Student's t-test, when 2 experimental cohorts were compared. When more were compared, ANOVA test was used, followed by a post-hoc test (LSD or Games-Howell). P-values of <0.05 were considered statistically significant. 
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